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ABSTRACT 
The e j e c t i o n  o f  appendages w i t h  unce r ta in  drag c h a r a c t e r i s t i c s  presents  a concern 
fo r  eventual  recontac t .  Recontact s h o r t l y  a f t e r  re lease can be prevented by avoid- 
i n g  e j e c t i o n  i n  a plane perpendicu lar  t o  the  v e l o c i t y .  
the  o r b i t ,  t he  l i k e l i h o o d  o f  recontac t  w i t h i n  a year i s  h igh  i n  the  absence o f  drag 
and oblateness. 
an overest imate o f  the  recontac t  p r o b a b i l i t y  a re  determined for the  Cosmic Back- 
ground Exp lorer  (COBE) miss ion when drag, oblateness, and s o l a r / l u n a r  pe r tu rba t i ons  
are  present .  
For e j e c t i o n  tangen t ia l  t o  
The optimum d i r e c t i o n  o f  e j e c t i o n  o f  t he  thermal s h i e l d  cable and 
The probabi  1 i ty  i s smal 1 bu t  p o s s i b l y  s i g n i  f i  cant.  
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1 .  INTRODUCTION 
The Cosmic Background Explorer  (COBE) thermal s h i e l d  cable i s  scheduled t o  be 
e jec ted  be fore  the  D e l t a  second-stage separat ion,  101 seconds (set) a f t e r  the  
second-stage c u t o f f  (3699 sec  a f t e r  1 i f t - o f f ) ,  near the  f i r s t  ascending node. 
the  r i s k  o f  recontac t  w i t h  the  cable ( w i t h i n  the  cons t ra in t s  s p e c i f i e d  by the  COBE 
P r o j e c t  O f f i c e )  a re  the  aims o f  t h i s  study. 
I Determining the  optimum d i r e c t i o n  o f  e j e c t i o n  t o  prevent  recontac t  and es t imat ing  
Background in fo rma t ion  i s  presented i n  Sect ion 2, the  methods used a re  b r i e f l y  de- 
sc r ibed i n  Sect ion 3, and the  ana lys is  i s  g iven i n  Sect ion 4. E j e c t i o n  f o r  a 
spher ica l  Ear th  w i thou t  drag w i l l  be s tud ied f i r s t  t o  p rov ide  i n s i g h t  (Sec- 
t i o n  4.1).  The optimum d i r e c t i o n  of e j e c t i o n  i n  t h i s  case w i l l  be determined, and 
the  p r o b a b i l i t i e s  o f  recontac t  f o r  optimum and tangen t ia l  e jec t i ons  w i l l  be calcu- 
l a t e d .  A t r a j e c t o r y  s imu la t i on  having a near recontac t  w i t h  drag and oblateness 
w i l l  be presented and examined, and the p r o b a b i l i t y  o f  recontac t  w i l l  then be e s t i  
mated (Sec t ion  4 . 2 ) .  An e x t r e m e l y  l a r g e  cross-sect ional  area was chosen t o  pro- 
v ide  h igh  drag so t h a t  the  recontac t  could be obta ined e a s i l y .  Th is  choice does 
n o t  a f f e c t  the  g e n e r a l i t y  o f  the  r e s u l t .  The conclusions are  summarized i n  Sec- 
t i o n  5. 
~ 
I n  t h i s  paper, computations have a 60-sec i n t e g r a t i o n  step. This l i m i t a t i o n  was 
imposed t o  conserve computer t i m e .  
o f  r e s o l u t i o n  because, f o r  example, a separat ion o f  over 113 k i l omete r  (km) i s  
Sixty seconds represents  a r e l a t i v e l y  low l e v e l  
I poss ib le  i n  t h i s  t i m e  f o r  an e j e c t i o n  speed o f  20 f e e t  per  second ( f t l s e c ) .  
The ca l cu la ted  p r o b a b i l i t y  i s  expected t o  be an overest imate.  Radial  separat ion 
due t o  drag can be g rea te r  than the  minimum separat ion requ i red  f o r  recontac t .  
o therwise poss ib le  recontac t  can thereby be prevented, or a new recontac t  can be- 
come poss ib le .  
t i o n  requ i red  t o  break a recontac t  i s  smal l .  Th is  e f f e c t  should be minor,  s ince 
drag i s  smal l ,  and i t  i s  no t  inc luded i n  the  ana lys is .  
An 
The former i s  much more l i ke l y  than the  l a t t e r  because the  separa- 
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2.  BACKGROUND 
I n  accordance w i t h  gu ide l i nes  s e t  by the  COBE P r o j e c t  O f f i c e ,  the  fo l l ow ing  con- 
s t r a i n t s  on the  e j e c t i o n  are  assumed. 
sec. The d i r e c t i o n  o f  the e j e c t i o n  i s  determined by the  p o s i t i o n  o f  the  cable 
c u t t e r ,  which can be loca ted  a t  any p o i n t  around the  body o f  t he  spacecraf t .  
d i r e c t i o n  i s  known t o  w i t h i n  +20 degrees (deg) i n  the  plane perpendicu lar  t o  the  
n a d i r  and i s  assumed t o  have no r a d i a l  component. 
The e j e c t i o n  speed i s  between 8 and 20 f t/ 
This 
2.1 SPHERICAL EARTH. NO DRAG 
E j e c t i o n  i n  the  d i r e c t i o n  o f  the  p o s i t i v e  or negat ive o r b i t  normal (or i n  a r a d i a l  
d i r e c t i o n )  leaves the  tangen t ia l  component o f  the  cab le ' s  v e l o c i t y  unchanged. 
Since the  e j e c t i o n  speed i s  small compared t o  the  o r b i t a l  v e l o c i t y ,  t he  cab le ' s  
o r b i t a l  v e l o c i t y  i s  n e a r l y  i d e n t i c a l  t o  the  spacecra f t ' s .  The o r b i t a l  per iods are 
there fore  almost equal, and recontac t  occurs w i t h i n  the  f i r s t  r e v o l u t i o n .  
For example, an 8 - f t / sec  e j e c t i o n  speed i n  e i t h e r  the  r a d i a l  or o r b i t  normal d i -  
r e c t i o n  r e s u l t s  i n  a separat ion o f  o n l y  7.5 meters ( m )  i n  one r e v o l u t i o n .  Recon- 
t a c t  can occur a t  t he  e j e c t i o n  p o i n t  because the  rad ius  i s  unchanged by the  
e j e c t i o n .  Recontact occurs i n  h a l f  an o r b i t  f o r  e j e c t i o n  a long the  o r b i t  normal. 
To prevent  t h i s  form o f  recontac t ,  a tangen t ia l  component i s  requ i red .  The tan- 
g e n t i a l  component increases as the  e j e c t i o n  d i r e c t i o n  moves f rom the  o r b i t  normal 
toward the  t a n g e n t i a l  d i r e c t i o n  or as the  e j e c t i o n  speed increases. The l a r g e r  
the  tangen t ia l  component, the  grea ter  the  separat ion a f t e r  one r e v o l u t i o n .  For 
e j e c t i o n  a long the  p o s i t i v e  spacecraf t  v e l o c i t y  d i r e c t i o n ,  the  cable o r b i t  pe r iod  
i s  g rea te r  than t h a t  o f  the  spacecraf t ,  and the  cable w i l l  f o l l o w  the  spacecraf t  
a f t e r  one r e v o l u t i o n .  
converse e f f e c t .  A f t e r  s u f f i c i e n t l y  many revo lu t i ons ,  an oppor tun i t y  f o r  recon- 
t a c t  w i l l  occur because the  cable makes e x a c t l y  one r e v o l u t i o n  more or l e s s  than 
the  spacecraf t .  Several oppor tun i t i es  f o r  recontac t  may occur i n  a year .  The 
smal ler  t he  tangen t ia l  component o f  the e j e c t i o n  v e l o c i t y ,  t he  f e w e r  the  number o f  
poss ib le  recontac ts  w i t h i n  a year.  
E j e c t i o n  along the  negat ive v e l o c i t y  d i r e c t i o n  produces the 
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2.2 EFFECT OF DRAG 
The drag on the  cable cannot be determined accu ra te l y  because o f  the  cab le ' s  ex- 
t r e m e l y  long and t h i n  shape. 
the  drag on the  cable w i l l  be g rea ter  than or l e s s  than t h a t  on the  spacecraf t .  
If t he  e j e c t i o n  i s  a long the  p o s i t i v e  o r b i t a l  v e l o c i t y  vec tor ,  recontac t  can occur 
o n l y  i f  drag on the  cable i s  g rea ter  than on the  spacecraf t .  For e j e c t i o n  a long 
the  negat ive  v e l o c i t y ,  drag on the  cable must be l e s s  than on the  spacecraf t  f o r  
recontac t  t o  occur.  
Concern a r i ses  because there  i s  doubt about whether 
Drag changes the  t i m e  o f  recontac t  because the  semimajor a x i s  o f  each o r b i t  
changes. The d i f f e r e n c e  i n  drag i s  smal l .  The a long- t rack separat ion produced by 
drag can be canceled by an appropr ia te  change i n  e j e c t i o n  speed. 
the  i n t r o d u c t i o n ,  t he  r a d i a l  separat ion could e i t h e r  prevent  an otherwise poss ib le  
recontac t  or c rea te  a new one. An overest imate o f  the  p r o b a b i l i t y  r e s u l t s  from 
neg lec t i ng  t h i s  e f f e c t .  There are s t i l l  several  o p p o r t u n i t i e s  f o r  recontac t  i n  
the  year .  
As mentioned i n  
2.3 EFFECT OF OBLATENESS 
Oblateness causes precession o f  the  l i n e  o f  nodes and r o t a t i o n  o f  t he  l i n e  o f  ap- 
s ides.  
may d i f f e r  f rom those o f  the  spacecraf t ,  r e s u l t i n g  i n  a nodal precession r a t e  d i f -  
f e r e n t  f rom the  spacec ra f t ' s .  The COBE o r b i t  i s  n e a r l y  p o l a r  (99-deg i n c l i n a t i o n ) .  
The o n l y  chance o f  recontac t  a f t e r  the f i r s t  o r b i t  i s  t he re fo re  a t  the  northernmost 
o r  southernmost p o i n t s  o f  the  o r b i t  (except i n  one r a r e  case). For any g iven angle 
o f  e j e c t i o n ,  the  d i f f e r e n c e  i n  node upon recontac t  i s  independent o f  t he  e j e c t i o n  
speed because the  i nc reas ing  nodal r a t e  i s  canceled by the  decreasing t i m e  t o  r e -  
con tac t  as e j e c t i o n  speed increases. 
The d i f f e r e n c e  i n  r a t e  o f  change o f  the  argument o f  per igee o f  t he  spacecraf t  and 
cable o r b i t s  i s  n e g l i g i b l e .  
2.75 deglday. This  r a t e  places the  aps is  i n i t i a l l y  a t  the ascending node a t  the 
southernmost p o i n t  i n  the o r b i t  i n  32 days, and a t  the  northernmost p o i n t  i n  
98 days. The worst  case occurs i n  65 days, when t h i s  aps is  i s  a t  the  descending 
node, as happens f o r  a tangen t ia l  e j e c t i o n  a t  8.9 f t / s e c .  The d is tance between 
o r b i t s  a t  t he  northernmost or southernmost p o i n t s  i s  then 5.3 km. Var ia t i ons  i n  
The e j e c t i o n  g ives the  cable o r b i t  a semimajor a x i s  and i n c l i n a t i o n  t h a t  
The r a t e  o f  change o f  the  argument o f  per igee i s  
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semimajor a x i s  o f  29 km are  t y p i c a l ,  bu t  i t  , s  expected tha  
cable o r b i t s  w i l l  va ry  i n  the  same fashion.  Recontact i s  t h e r e f o r e  n o t  poss ib le  
when the  l i n e  o f  apsides i s  a long the  l i n e  o f  nodes. Recontact i s  o n l y  poss ib le  
when the  approp r ia te  aps is  i s  near the  northernmost or southernmost p o i n t .  
f r a c t i o n  o f  t i m e  spent i n  an o r i e n t a t i o n  i n  which the  d is tance between o r b i t s  a t  
these p o i n t s  i s  w i t h i n  the  requ i red  minimum separat ion d is tance f o r  recontac t  w i l l  
be determined and used t o  est imate the p r o b a b i l i t y  o f  recontac t .  
t he  spacecra f t  and 
I 
The 
3. METHOD AND SOFTHARE USED 
3.1 ANALYTICAL CALCULATIONS 
The a n a l y t i c a l  c a l c u l a t i o n s  shown here are  s t r i c t l y  v a l i d  i n  the  absence o f  drag, 
oblateness, and s o l a r / l u n a r  per tu rba t ions .  Standard equat ions f o r  two-body 
c i r c u l a r  and e l l i p t i c a l  o r b i t s  a re  used. These equations pe rm i t  separat ion 
d is tances t o  be ca l cu la ted  by determining the  o r b i t a l  per iods  f rom knowledge o f  
the  e j e c t i o n  v e l o c i t y .  
3.2 SOFTWARE USED 
The EPHGEN program was used t o  generate the  ephemeris o f  COBE w i t h  g iven epoch 
elements and t h a t  o f  t he  e jec ted  cable w i t h  epoch elements ca l cu la ted  when the  
magnitude and d i r e c t i o n  o f  the  v e l o c i t y  o f  e j e c t i o n  r e l a t i v e  t o  COBE a re  known. 
The EPHCMP and GTDS-COMPARE programs w e r e  run  t o  compare the  COBE and the  cable 
ephemerides. The ou tpu t  conta ins the spacecraf t  separat ion a t  s p e c i f i e d  t i m e  i n -  
t e r v a l s  f rom epoch. An 8-by-8 model o f  the  geopotent ia l  zonal and tesse ra l  har- 
moni cs and the  Goddard T r a j e c t i o n  D e t e r m i  na t i on  System (GTDS) Atmospheric Densi ty  
Model No. 3 w e r e  used. A 60-sec i n t e g r a t i o n  step was used t o  p rov ide  e f f i c i e n c y  
w i t h  adequate accuracy. 
I 
3.3 METHODS FOR CALCULATING PROBABILITY 
An empi r i  c a l  method f o r  determi n i  ng the  probabi 1 i ty  was devi  sed. 
count ing  a l l  t he  ways i n  which recontac t  can occur and determin ing the  ex ten t  of 
the  d ispers ions  i n  e j e c t i o n  v e l o c i t y  for  each, such t h a t  a maximum separat ion d i s -  
tance i s  n o t  exceeded. A c lose  encounter w i l l  be sa id  t o  occur i n  one synodic 
per iod .  
I t  i nvol  ves 
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3.3.1 NO DRAG OR OBLATENESS 
When drag and oblateness are  no t  considered, t he  method i s  as fo l l ows .  Values o f  
e j e c t i o n  v e l o c i t y  t h a t  g i ve  a recontac t  on the  f i r s t  c lose  encounter a re  obtained. 
Dispers ions about these values are found t h a t  produce the  maximum to le rance i n  
separat ion d is tance,  conserva t ive ly  assumed t o  be 20 m. An average va lue o f  the  
d ispers ions  i s  determined over the  s p e c i f i e d  v e l o c i t y  range. The average d isper-  
s ion  i s  d i v ided  by the  magnitude o f  the  range o f  v e l o c i t i e s  and m u l t i p l i e d  by the  
number o f  poss ib le  r e v o l u t i o n s  cons is ten t  w i t h  the  range o f  v e l o c i t i e s  t o  o b t a i n  
the  p r o b a b i l i t y .  An equ iva len t  method, which can a l s o  be used w i t h  drag and ob- 
la teness,  equates the  p r o b a b i l i t y  o f  recontac t  f o r  a g iven e j e c t i o n  v e l o c i t y  w i t h  
the f r a c t i o n  o f  a r e v o l u t i o n  i n  which the  minimum separat ion occurs. The d i f f e r e n t  
ways i n  which recontac t  can occur i n  a year  on subsequent c lose  encounters a re  enu- 
merated so t h a t  the  probabi 1 i t y  can be determined f o r  the  year.  The probabi 1 i ty  o f  
recontac t  i s  the  same f o r  a l l  c lose  encounters f o r  a g iven e j e c t i o n  v e l o c i t y .  
3 . 3 . 2  DRAG AND OBLATENESS 
When drag and oblateness are  considered, the  method i s  as fo l l ows .  The COBE o r b i t  
i s  n e a r l y  p o l a r  (99-deg i n c l i n a t i o n ) .  Precession of the  nodes the re fo re  prevents 
recontac t  except a t  t he  northernmost or southernmost p o i n t s  o f  t he  o r b i t  (except 
i n  one r a r e  case). The p r o b a b i l i t y  f o r  recontac t  i s  est imated as above. 
t i o n a l  f a c t o r  r e l a t e d  t o  the  o r i e n t a t i o n  of t he  cable o r b i t  i s  needed. This  i s  
the  o n l y  p lace  where r a d i a l  separat ion i s  taken i n t o  account. The r e s u l t  i s  an 
overest imate,  as expla ined i n  the  i n t roduc t i on ,  s ince r a d i a l  separat ion due t o  drag 
i s  ignored. 
An addi- 
4 .  CALCULATIONS AND RESULTS 
4.1 ANALYTICAL CALCULATIONS 
I n  t h i s  sect ion,  e j e c t i o n  w i l l  be considered i n  the  absence o f  drag and ob la te -  
ness. 
coplanar throughout.  
Recontact must occur a t  or near the  e j e c t i o n  p o i n t .  The o r b i t s  a re  
The p r o b a b i l i t y  o f  recontac t  f o r  t he  f i r s t  c l ose  encounter 
1 be ca lcu la ted .  The optimum angle o f  e j e c t i o n  w i l l  be 
ated p r o b a b i l i t y  o f  recontac t  w i l l  be ca lcu la ted .  
and for t he  f i r s t  year  w i  
determined, and the  assoc 
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The COBE and cable o r b i t s  are character ized by the  f o l l o w i n g  parameters: 
Radius o f  c i r c u l a r  COBE o r b i t  
Per iod o f  c i r c u l a r  COBE o r b i t  
V e l o c i t y  o f  COBE 
Assumed maximum cable e j e c t i o n  speed 
Assumed minimum cable e j e c t i o n  speed 
Uncer ta in t y  i n  the  angle o f  e j e c t i o n  
Cable l eng th  and diameter 
Area/mass COBE ( f t 2 / k i  logram (kg)) 
Nominal a reahass  cab1 e* ( f t 2 / k g )  
Rate o f  change o f  COBE semimajor a x i s  
Rate o f  change o f  cable semimajor ax i s  
7278.14 km 
102.98887 minutes (min) 
7.40046 km/sec 
20 f t / s e c  
8 f t / s e c  
- +20 deg 
25 ft x 3/32 inches ( i n . )  
160/2260 = 0.07 
0.154/1 = 0.15 
0.5 km/year (yr) 
1 .O km/yr 
The con t ro l  parameters, i n  order  o f  inc reas ing  importance f o r  recontact ,  a re  the  
angle o f  e j e c t i o n  9 (F igure 11, the  speed o f  e jec t i on ,  and the  c o e f f i c i e n t  of 
draglarea-to-mass r a t i o .  
assumed t h a t  t he  e j e c t i o n  produces no r a d i a l  component. 
d i r e c t i o n  are  assumed t o  be random w i t h i n  the  spec i f i ed  l i m i t s .  
Only the  f i r s t  can be in f luenced by design. I t  i s  
The e j e c t i o n  speed and 
Vspacecrait 
Figure 1. D e f i n i t i o n  o f  Angle o f  E j e c t i o n  ( 0 )  
*Based on an e f f e c t i v e  length  o f  20 ft ca lcu la ted  by assuming a random o r i e n t a t i o n  
over a s o l i d  angle o f  4w. 
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4.1.1 TANGENTIAL EJECTION 
Spacecraft and cable o r b i t s  are shown i n  F igure 2 f o r  e j e c t i o n  i n  the  d i r e c t i o n  o f  
the  v e l o c i t y .  
the  f i g u r e  r e f e r  t o  the  order  i n  which the  c lose encounters occur. 
p o i n t  i s  a t  t he  p o i n t  o f  e jec t i on .  
near the  meeting p o i n t .  
Drag and oblateness are no t  considered here. The numbers shown i n  
The meeting 
Recontact occurs f o r  a c lose encounter a t  or 
Let  the  f i r s t  c lose  encounter occur i n  x1 cable o r b i t s .  
t i o n  from which cable v e l o c i t y  can be determined w i t h  s a t i s f a c t o r y  accuracy i s  
A convenient approxima- 
'1 tcable = (x, + 1 )  ts/c 
where t i s  the  o r b i t a l  per iod.  
Therefore, 
'1 = ts /c / ( tcab le  - t s / c )  
The n t h  c lose  encounter i s  g iven by 
xn = n x 1  
F igure 2.  Close Encounters f o r  E jec t i on  Along the  Spacecraft V e l o c i t y  
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20 + 7.406556023 
20 7.394364023 
8 + 7.402898423 
8 7.398021623 
d i r e c t i o n  o f  t he  p lus  or minus spacecraft v e l o c i t y  vector .  
Table 1.  x1 f o r  Various Cases 
PER-ORBIT 
(km) 
- "'' SEPARATION XI ' CABLE (min) (994  
103.2440093 15.31 113.3 403.667 
102.7349948 15.23 112.7 404.662 
103.0907762 6.1 1 45.2 101 0.655 
102.8871713 6.10 45.1 1011.655 
The f i r s t  c lose  encounter w i l l  occur a t  t he  meeting p o i n t  when x1 - 404, if 
V = 19.983 f t / s e c .  Recontract takes p lace about 29 days a f t e r  e jec t i on .  A l l  
subsequent c lose  encounters w i l l  a l so  occur a t  the  meeting p o i n t .  
V = 19.934 f t / s e c .  C lea r l y ,  numerous c lose encounters occur between 8 and 
20 f t / s e c .  
e j  
e j  
For x1 = 405, 
4.1.2 WINDOW OF N O  RECONTACT 
Recontact i s  poss ib le  for  e i t h e r  e j e c t i o n  along the  o r b i t  normal or f o r  a tangen- 
t i a l  e j e c t i o n .  An in te rmed ia te  reg ion  o f  e j e c t i o n  d i r e c t i o n s  e x i s t s  f o r  which no 
recontac t  i s  poss ib le  w i t h i n  a year .  
Approximately 5100 spacecraf t  o r b i t s  occur per year. 
o r b i t  i s  45,730 km. 
8.95 km w i l l  guarantee t h a t  no recontact  w i l l  occur i n  the  f i r s t  year. For 
V = 8 f t / s e c ,  a separat ion o f  20 m occurs i n  h a l f  an o r b i t  for  8 = 89.96 deg or 
8 = 90.11 deg. A p e r - o r b i t  separation o f  8.95 km occurs for t angen t ia l  e j e c t i o n  
a t  1.59 f t / s e c .  For V = 20 f t / s e c ,  the  8.95-km pe r -o rb i t  separat ion there fore  
occurs f o r  8 = 94.52 deg or 8 = 85.43 deg. 
The circumference o f  the  
A per -o rb i t  separation o f  g rea ter  than 20 m or l e s s  than 
e j  
e j  
These l i m i t s  on 8 de f ine  regions I 1  and 11' i n  F igure 3. 
I 1  or 11'. no recontac t  i s  poss ib le  w i t h i n  a year because no c lose  encounters can 
occur. 
c e r t a i n t y  i n  the  angle o f  e j e c t i o n  then extends t o  the  o r b i t  normal d i r e c t i o n .  
reg ions I and I', recontac t  occurs i n  h a l f  an o r b i t .  I n  reg ions I11 and III', 
Hence, i f  8 i s  i n  reg ion 
Unfor tunate ly ,  €3 cannot be placed i n  regions I1 and 11' because the un- 
I n  
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a t  l e a s t  one c lose  encounter occurs i n  the  year.  
counters i n  a year  increases as 8 approaches 0 or 180 deg. 
The number o f  poss ib le  c lose  en- 
PROBABILITY PROBABILITY 
I 0.04 I 1 I' I 0.11 I 'no I 
F igure  3. Regions o f  Recontact; No Drag or Nodal Precession 
I 4.1.3 TANGENTIAL EJECTION, NO DRAG AND OBLATENESS 
Consider e j e c t i o n  a long the  negat ive spacecraf t  v e l o c i t y  vec tor .  
t a c t  t o  be a c lose  approach o f  20 m and assuming i t  occurs i n  about 404 spacecraf t  
r e v o l u t i o n s  (V  = 20 f t l s e c ) ,  the  approximate p o s i t i o n s  o f  t he  spacecraf t  and 
cable f o r  which a minimum separat ion o f  20 m occurs ( i . e . *  r = 7278.12) a re  shown 
i n  F igure  4 and determined by the  angle y. 
e = 0.0016495, and c = ae = 11.9855. 
This  i s  +0.0091692 r e v o l u t i o n .  I n  1011 spacecraf t  r e v o l u t i o n s  ( V  = 8 f t l s e c ) ,  
y i s  5.225 deg; i n  2023 r e v o l u t i o n s  (V 
Def ' in ing recon- 
e j  
For the  cable o r b i t ,  a = 7266.15458722, 
A t  p o i n t  p, r = 7278.12 and y i s  3.3009 deg. 
e j  
= 4 f t / s e c ) ,  y i s  7.394 deg. 
e j  
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Selected values r e l a t i n g  xl, which i s  here the  number o f  spacecraf t  o r b i t s  u n t i l  
t he  f i r s t  c l ose  encounter, t o  the  e j e c t i o n  v e l o c i t y  a re  shown i n  Table 2. 











Table 2.  V * f o r  Various Values o f  x 1  
e j  
I 















Vej = 0 AND 20 W S ~ C ,  APPROXIMATELY. 
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seen i n  t h i s  tab le .  
s e c ) .  A f e w  values o f  V a re  shown g r a p h i c a l l y  i n  F igure 5. I n  the  darkened 
i n t e r v a l s ,  recontac t  ( i . e . ,  a separat ion o f  20 m or l e s s )  occurs. 
They correspond t o  x1 = i n t e g e r  1t0.0091692 ( V  = 20 f t /  
e j  
e j  
I I 1 1 1  I I I i m i  I I I i m  I I 
19.86 19.87 19.88 19.89 19.90 19.91 19.92 19.93 19.94 19.95 19.96 19.97 19.98 19.99 20.00 
u 








Flgure  5. Some Values o f  V e j  Resu l t ing  i n  Recontact i n  1 Year 
The number o f  i n t e r v a l s  i s  1012 - 405 = 607. 
405 i s  +0.0004524, and f o r  x1 = 1012 i t  i s  +0.000115. 
(0.0009048 + 0.00023)/2 = 0.00057. 
0.008, respec t i ve l y .  
Therefore,  t he  p r o b a b i l i t y  ( P I  o f  recontac t  on the  f i r s t  c lose  encounter i s  
The w id th  o f  the  i n t e r v a l  f o r  x1 = 
The average w id th  i s  
The separat ion between i n t e r v a l s  i s  0.049 and 
The w id th  o f  the  t o t a l  domain i s  (20 - 8 )  = 12 f t / s e c .  
This remarkably l a r g e  probabi 1 i ty  i s  obta ined because the  spacecraf t  and cab1 e 
o r b i t s  a re  cop1 anar upon recontac t .  
The p r o b a b i l i t y  o f  recontac t  f o r  any c lose  encounter i n  the  absence o f  drag w i l l  
now be ca lcu la ted .  
ous values f o r  t he  f r a c t i o n a l  p a r t  o f  x1 g i v i n g  recontac t  on a s p e c i f i e d  c lose  
encounter a re  shown i n  Table 3. 
form, except f o r  a gap from 0 t o  1 / 1 2 .  
can occur i n  10 ways a t  t he  meeting p o i n t  when the re  a re  5 c lose  encounters i n  the 
year ( V  
when the re  a re  12 c lose  encounters i n  the  year  ( V  
I n  1 year,  as many as 12 c lose  encounters can occur.  
The d i s t r i b u t i o n  o f  values i s  approximately un i -  
Re fe r r i ng  t o  Table 3, a c lose  encounter 
= 8 f t / s e c  and x 1  = 10111, and a c lose  encounter can occur i n  46 ways 
The v a r i -  
e j  
x 20 f t / s e c  and x 1  x 405). 
e j  
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Table 3. F r a c t i o n a l  P a r t  o f  x, G i v i n g  Recontact  on Var ious  Close Encounters 
112 
2 3  
113 
213 








































































The p r o b a b i l i t y  o f  r e c o n t a c t  ( P I  i n  t h e  v i c i n i t y  o f  any v a l u e  o f  x i  i s  now 
number o f  ways) x ( w i d t h  o f  r e c o n t a c t  i n t e r v a l )  
P o (  AV 
where AV i s  t h e  d i f f e r e n c e  i n  e j e c t i o n  v e l o c i t y  between p o s s i b l e  r e c o n t a c t s  on 
success ive o r b i t s .  
For x, = 405 (Vej x 20 f t / s e c ) ,  s e p a r a t i o n  w i t h i n  20 m occurs when t h e  w i d t h  
o f  t h e  r e c o n t a c t  i n t e r v a l  i s  0.0009 (as shown above) and AV = 0.049. Therefore,  
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For x 1  = 1012 (V 
the  recontac t  i n t e r v a l  i s  0.00015 and AV = 0.008. Therefore,  
x 8 f t / s e c ) ,  separat ion w i t h i n  20 m occurs when the  w id th  o f  
e j  
The average va lue f o r  x1 = 405 t o  1012 i s  56 percent.  
than one recontac t  i n  a year  i s  ignored. 
The p o s s i b i l i t y  o f  more 
I t  can a l s o  be shown t h a t  
= 4% (Vej = 4 f t / s e c )  P 
4.2 NUMERICAL COMPUTATIONS 
The preceding r e s u l t s  app ly  t o  the  case w i thou t  drag and oblateness. 
e f f e c t s  a re  considered f o r  e j e c t i o n  a t  the  ascending node, the  circumstances o f  
the  problem change. 
o b t a i n  an est imate o f  t he  p r o b a b i l i t y  o f  recontac t  i n  the  ac tua l  problem. 
When these 
The knowledge gained i n  the  i d e a l i z e d  problem w i l l  be used t o  
To demonstrate the  p o s s i b i l i t y  o f  recontac t  i n  the  presence o f  drag, oblateness, 
and s o l a r / l u n a r  pe r tu rba t i ons ,  the  case was considered i n  which drag on the  cable 
i s  ve ry  much l a r g e r  than t h a t  on COBE, so t h a t  recontac t  cou ld  be obta ined e a s i l y .  
A t angen t ia l  e j e c t i o n  o f  about 20 f t / s e c  i n  the  p o s i t i v e  v e l o c i t y  d i r e c t i o n  was 
assumed. The cross- t rack,  r a d i a l ,  and a long- t rack separat ions needed t o  be min i -  
mized simultaneously.  V a r i a t i o n  o f  the  speed o f  e j e c t i o n  and c o e f f i c i e n t  o f  drag 
enabled t h i s  t o  be done, a l b e i t  ted ious ly .  
A va lue o f  the  area t h a t  gave near-zero values of t he  cross- t rack and r a d i a l  sepa- 
r a t i o n s  a t  t he  t i m e  o f  t he  c loses t  approach o f  t he  cable and spacecra f t  was found 
i t e r a t i v e l y  t o  be 4.2 x Drag on the  cable was then 60 t imes l a r g e r  
than on the  spacecraf t .  The best  value o f  t he  e j e c t i o n  v e l o c i t y  g i v i n g  the  min i -  
mum separat ion f o r  t h i s  area was then found i t e r a t i v e l y .  
km2. 
4.2.1 RECONTACT WITH EXTERNAL PERTURBATIONS 
The minimum separat ion was found t o  decrease l i n e a r l y  w i t h  decreasing e j e c t i o n  
speed u n t i l  a minimum value of 0.294 km was obta ined a t  19.79433 f t / s e c  (F igure 6) .  










COBE/Cable Separation: V a r i a t i o n  of 
Cable E j e c t i o n  V e l o c i t y  
19.f960 
Minimum Separat ion With 
52 1 
42676 42686 42696 
MINUTES FROM EPOCH 
F i g u r e  7 .  COBE/Cable Separa t ion:  
C l o s e s t  Approach With  R e a l i s t i c  Drag and Geopotent ia l  Models 
V a r i a t i o n  o f  Separa t ion  With  Time f o r  Case o f  
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change i n  the  separat ion w i t h  t i m e  when the  e j e c t i o n  speed i 19.79433 ft/ 
- . a  
and 
the  cable area i s  4.2 x lo- '  kmL. 
v a r i a t i o n  o f  the  minimum separat ion w i t h  area i s  shown i n  F igure  8. 
For an e j e c t i o n  speed o f  19.79435 f t / s e c ,  the  
CABLE EJECTION VELOCllY - 19.79435 WSeC / 







0 I 1 I I 1 1 
4.14 4.16 4.18 4.20 4.22 4.24 4.26 
l . O L  
 
g v 
Figure 8. COBEICable Separat ion:  V a r i a t i o n  o f  Minimum Separat ion With 
Area of  Cable 
4.2.2 ESTIMATE OF PROBABILITY FOR RECONTACT WITHIN 1 YEAR WITH ALL EXTERNAL 
PERTURBATIONS - TANGENTIAL EJECTION 
The minimum separat ion c r i t e r i o n  for the  numerical s imu la t i on  o f  a recontac t  was 
1/3 km. 
a long the  spacecraf t  v e l o c i t y  vec to r  w i t h  
A minimum separa t ion  d is tance o f  0.294 km was obta ined f o r  an e j e c t i o n  
= 19.79433 f t / s e c  'ej 
area = 4.2 x km 2 
A smal le r  minimum separa t ion  cou ld  be obta ined f o r  a smal le r  i n t e g r a t i o n  step. 
recontac t  occurred about 30 days a f t e r  epoch, when per igee was a t  t he  southernmost 
The 
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p o i n t .  
crease o f  1 /3 km i n  the  minimum separat ion d is tance are  
The v a r i a t i o n s  i n  e j e c t i o n  speed and area separate ly  t h a t  produce an i n -  
AVej = 0.00027 f t / s e c  
2 Aarea = A 0.00273 x km 
~ These values a re  i n t e r p o l a t e d  from the data (no t  shown) used t o  generate Figures 6 
and 8. 
The v a r i a t i o n  i n  e j e c t i o n  speed t h a t  produces an increase o f  20 m i n  the  along- 
t r a c k  separat ion i s  g iven by i n t e r p o l a t i o n  (data no t  shown): 
AV = + 0.0000085 f t / s e c  e j  - 
U s i n g  t h i s  va lue f o r  AVej, t he  p r o b a b i l i t y  o f  recontac t  i s  obta ined by d i v i d i n g  by 
0.049 f t / s e c  ( t h e  v e l o c i t y  d i f f e r e n c e  f o r  recontac t  on o r b i t  numbers 404 and 405). 
The p r o b a b i l i t y  i s  0.035 percent .  An a n a l y t i c a l  r e s u l t  w i l l  be g iven i n  Sec- 
t i o n  4.3.2 f o r  comparison. 
4.3 CALCULATING THE PROBABILITY OF RECONTACT 
4.3.1 TANGENTIAL EJECTION 
The angle between the  o r b i t  planes upon recontac t  i s  0.165 deg ( s e e  below). 
minimum separat ion occurs very  near the  meeting p o i n t  a t  t h i s  angle. 
equat ions i n  Sec t ion  4.1.1, an a long- t rack separat ion o f  20 m f o r  recontac t  on 
o r b i t  404 can be shown t o  r e s u l t  from the  value o f  
The 
Using the  
AV = + 0.000008761 f t / sec  e j  - 
This i s  i n  agreement w i t h  the numerical r e s u l t .  
0.036 percent .  
4.3.2 OPTIMUM D I R E C T I O N  OF EJECTION 
Tangent ia l  e j e c t i o n  was considered above. 
e jec t i on .  
c r a f t  o r b i t  i s  0.044 deg, which occurs f o r  a 20- f t I sec  e j e c t i o n  a t  +70 deg. 
The p r o b a b i l i t y  o f  recontac t  i s  
I t  remains t o  consider a nontangent ia l  
This 
The maximum d i f f e r e n c e  i n  i n c l i n a t i o n  of  the  cable o r b i t  from the space 
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produces a 5 
southernmost 
northernmost 
mains poss ib  
i s  t h e r e f o r e  
I 
6-km displacement o f  the northernmost p o i n t s  o f  t he  o r b i t s ,  or the  
p o i n t s .  
or southernmost po in ts ,  the  displacement i s  small and recontac t  r e -  
e a t  some nearby p o i n t .  
l a r g e l y  composed o f  the  d i f f e r e n c e  i n  the  r i g h t  ascensions of the 
Al though recontac t  can no longer  occur e x a c t l y  a t  the  
The d ihedra l  angle between the  o r b i t  planes 
I t  w i l l  be assumed t h a t  the d i f f e r e n c e  i n  i n c l i n a t i o n  i s  n e g l i -  ascending nodes. 
g i b l e  and t h a t  t he  d ihed ra l  angle between the  o r b i t  planes i s  equal t o  the  d i f f e r -  
ence i n  node between the  two o r b i t s .  
An e j e c t i o n  i n  the  negat ive  spacecraf t  v e l o c i t y  d i r e c t i o n  w i l l  be considered s ince 
the  area-to-mass r a t i o  o f  the cable i s  nomina l l y  g rea te r  than t h a t  of  the  space- 
c r a f t .  I n  Table 4 ,  the  d ihed ra l  angle i s  ca l cu la ted  f o r  e j e c t i o n  angles between 
-70 and 70 deg from the  negat ive spacecraf t  v e l o c i t y  vec tor .  For these l i m i t s ,  
the  e j e c t i o n  i s  a t  l e a s t  20 deg away from the  o r b i t  normal. The p r o b a b i l i t y  of 
recon tac t  f o r  a 20-m minimum separat ion c r i t e r i o n  i s  ca l cu la ted  o n l y  for angles 
near 47.9 deg. This  i s  a specia l  case. The c a l c u l a t i o n  uses the  d ihed ra l  angle 
t o  determine the  angle y requ i red  f o r  a 20-m cross- t rack separat ion.  
separat ion occurs away from the meeting p o i n t .  
minimum separat ion occurs i n  the  v i c i n i t y  o f  t he  meeting p o i n t .  
i n  t h i s  case i s  ca l cu la ted  below. 
the  numerical r e s u l t s  f o r  a 180-deg angle o f  e jec t i on .  
s u l t  o f  0 deg shown i n  Table 4. 
A p o s i t i v e  d ihedra l  angle i nd i ca tes  t h a t  the  cable o r b i t  leads the  spacecraf t  o r b i t  
i n  t h e  nodal precession, wh i l e  a negat ive d ihedra l  angle i n d i c a t e s  t h a t  the  cable 
o r b i t  lags the  spacecra f t  o r b i t .  There i s  a s ingu la r  p o i n t  a t  47.9 deg for which 
t he  p r o b a b i l i t y  i s  r e l a t i v e l y  h igh.  
spacecraf t  and cable o r b i t s  a re  equal and the  o r b i t s  are coplanar upon recontac t .  
C a l c u l a t i o n  o f  the  p r o b a b i l i t y  i s  analogous t o  t h a t  i n  Sect ion 4.1.3. 
d i f fe rence i n  i n c l i n a t i o n  i s  n o t  neglected, the  o r b i t s  a re  never p e r f e c t l y  copla- 
nar.  The l o c a t i o n  o f  a poss ib le  recontac t  i s  no longer  a t  t he  northernmost or 
southernmost p o i n t s ,  b u t  t he  p r o b a b i l i t y  remains h igh,  though n o t  as h igh  as f o r  
the  coplanar case. 
When the  angle of  e j e c t i o n  i s  between 44.4 and 51.0 deg, the  magnitude o f  the 
d ihed ra l  angle i s  l e s s  than or equal t o  0.019 deg. The minimum separat ion i s  then 
Minimum 
Below 44.4 deg and above 51.0 deg, 
A d ihedra l  angle o f  0.164 deg was der ived  from 
The p r o b a b i l i t y  
This  agrees w i t h  the  r e -  
A t  t h i s  angle, the  ra tes  o f  precession o f  the 
I f  the  small 
The angle o f  47.9 deg should be avoided. 
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the cross- t rack separat ion,  which may be several  k i lometers  away from the  meeting 
p o i n t .  However, when the  magnitude o f  the  d ihedra l  angle i s  l ess  than or equal t o  
0.0027 deg, t he  o r b i t s  a re  v i r t u a l l y  coplanar. The minimum separat ion becomes the 
r a d i a l  separat ion,  which i s  g rea ter  than the  cross- t rack separat ion.  The proba- 
b i l i t y  o f  recon tac t  then becomes la rge ,  as shown i n  Sect ion 4.1.3. Above 51.0 deg, 
the u n c e r t a i n t y  o f  r 2 0  deg i n  the angle o f  e j e c t i o n  w i l l  make avoidance o f  both the 
o r b i t  normal and the  angle o f  47.9 deg almost impossib le  t o  guarantee. 
Table 4. Dihedra l  Angle Between 0 r b i t . P l a n e s  f o r  


































AVERAGED OVER EJECTION SPEEDS OF 8 TO 20 Wsec. 
A FACTOR OF 2 IS INCLUDED BECAUSE DRAG CREATES 
A SECOND MEETING POINT. THE CALCULATION IS 
ANALOGOUS TO THAT IN SECTION 4.1.3 FOR 
COPLANAR ORBITS. 
The p r o b a b i l i t y  o f  recontac t  w i l l  now be determined f o r  e j e c t i o n  angles ou ts ide  
the  above range (Table 5). The case o f  a tangen t ia l  e j e c t i o n  was discussed above. 
The c a l c u l a t i o n  requ i red  f i n d i n g  the  magnitude o f  AV t h a t  produced a 20-m along- 
t r a c k  separa t ion  a t  the  meeting p o i n t .  
a t  the  meeting p o i n t .  
angle i s  g rea te r  than 0.1 deg, and the  minimum separat ion occurs s u f f i c i e n t l y  c lose 
t o  the  meeting p o i n t  t o  make a n e g l i g i b l e  d i f f e r e n c e  i n  t h i s  c a l c u l a t i o n .  
e j  
Minimum separat ion does n o t  occur exac t l y  
For e j e c t i o n  angles between -70 and 20 deg, the  d ihedra l  
The 
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Table 5 .  P r o b a b i l i t y  o f  Recontact i n  1 Year f o r  Various E j e c t i o n  Angles fo r  a 



















































































REFERS TO THE FRACTION OF TIME THE ORBITS ARE SEPAWTED BY 20 METERS OR LESS AT THE NORTHERNMOST OR 
SOUTHERNMOST POINTS. THE VALUE IS 2Yla. 
change i n  e j e c t i o n  speed needed t o  s h i f t  the  recontac t  by one r e v o l u t i o n  i s  a l so  
requ i red .  This  i s  d i v i d e d  i n t o  AV t o  ob ta in  the  p r o b a b i l i t y  o f  recontac t  on 
any c lose  encounter ( P I .  
The number o f  c lose  encounters poss ib le  i s  enumerated by re fe rence t o  Table 3, and 
the  p r o b a b i l i t y  f o r  t he  year  i s  determined b y - m u l t i p l i c a t i o n .  A simple average i s  
then ca lcu la ted .  
from t h i s ,  a f a c t o r  i s  needed t h a t  takes i n t o  account the  o r i e n t a t i o n  o f  t he  cable 
o r b i t  w i t h  respec t  t o  the  northernmost or southernmost po in ts .  
f ac to r  i s  a v a i l a b l e  f rom c a l c u l a t i n g  the  angle y (F igure  4 ) .  
t i m e  t h a t  t h e  r e l e v a n t  aps is  spends w i t h i n  a domain o f  +y f rom the  northernmost 
or the  southernmost p o i n t  i s  then 2 y/v .  
0.1. 
Not ice  f o r  0 = 0 deg, V 
the  numerical  r e s u l  t. 
e j  
E j e c t i o n  speeds o f  20 f t / s e c  and 8 f t / s e c  are  considered. 
To o b t a i n  an est imate of t he  p r o b a b i l i t y  o f  recontac t  (Pfina,) 
The va lue of  t h i s  
The f r a c t i o n  of 
This f r a c t i o n  i s  t y p i c a l l y  l ess  than 
The p r o b a b i l i t y  o f  recontac t  can be seen t o  be a decreasing f u n c t i o n  of 101 . 
= 20 f t / s e c ,  t h a t  P = 0.036 percent ,  i n  agreement w i t h  
e j  
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A minimum separat ion c r i t e r i o n  o f  20 m was used. 
o f  10 m, P i s  h a l f  as la rge ,  b u t  y i s  a l s o  smal ler .  For example, t he  p r o b a b i l i t y  
o f  recontac t  w i t h i n  10 m f o r  a tangen t ia l  e j e c t i o n  i s  0.022 percent .  
For a more r e a l i s t i c  c r i t e r i o n  
5. CONCLUSIONS 
Recontact o f  the  COBE thermal s h i e l d  cable i s  i n e v i t a b l e  f o r  e j e c t i o n  i n  the  pos i -  
t i v e  o r  negat ive  o r b i t  normal d i r e c t i o n s .  A r e l a t i v e l y  h igh  p r o b a b i l i t y  o f  recon- 
t a c t  e x i s t s  for e j e c t i o n  a t  or near 47.9 deg, because the  cable and spacecraf t  
o r b i t s  would be n e a r l y  coplanar upon recontac t .  I t  i s  then poss ib le  f o r  recontac t  
t o  occur a t  a node. 
avoi  ded. 
E j e c t i o n  i n  the  v i c i n i t y  o f  t he  above d i r e c t i o n s  should be 
Recontact i n  the presence o f  drag and oblateness i s  poss ib le  o n l y  a t  t he  nor thern-  
most or southernmost p o i n t s  o f  the  o r b i t s ,  prov ided t h a t  e j e c t i o n  does n o t  take 
p lace  along t h e  o r b i t  normal o r  near 47.9 deg. The p r o b a b i l i t y  depends upon the  
d ihed ra l  angle subtended between the  o r b i t  planes upon recontact ,  f o r  angles o f  
e j e c t i o n  between 44.4 and 51.0 deg. For a l l  o the r  angles, t he  p r o b a b i l i t y  depends 
upon the  a long- t rack separat ion a t  the  meeting p o i n t  f o r  d ispers ions  about a recon- 
t a c t  v e l o c i t y .  
A numerical s imu la t i on  prov ided an example o f  a near recontac t  f o r  a tangen t ia l  
e j e c t i o n .  
the  numerical resu l  t s .  
An a n a l y t i c a l  de termina t ion  o f  the p r o b a b i l i t y  o f  recontac t  agreed w i t h  
The optimum d i r e c t i o n  o f  e j e c t i o n  i s  the one t h a t  minimizes the number o f  c lose  
encounters w i t h i n  a year,  maximizes the  d ihedra l  angle between o r b i t  planes upon 
recontac t  ( i . e . ,  avoids 47.9 deg), b u t  guarantees t h a t  e j e c t i o n  w i l l  n o t  take p lace  
a long the  o r b i t  normal. 
ommended angle i s  there fore  -69.96 deg. 
t o  increase the  i n c l i n a t i o n .  
l e s s  a t  t h i s  va lue was ca l cu la ted  t o  be 0.031 percent .  
t a c t  f o r  a tangen t ia l  e j e c t i o n  was found t o  be 0.064 percent.  
overest imates.  
For an u n c e r t a i n t y  of +20 deg i n  e j e c t i o n  angle, the  r e c -  
The d i r e c t i o n  o f  t h i s  e j e c t i o n  i s  such as 
The p r o b a b i l i t y  o f  having a separat ion o f  20 m or 
These values are 
The p r o b a b i l i t y  of recon- 
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